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ABSTRACT

Heavy water is considered as a liquid laser solvent. Its unique
canbination of good optical homogeneity, low absorption at the laser
output frequency and low viscosity make it very attractive for proposed
high radiance liquid laser systems.

The heavy water soluble rare=-earth chelate research at the
Westinghouse Research Iaborutories both before the start and during
the present contract 1s described. Chelates having adequate solubiiity,
high quantum efficiency and iriproved absorption bands have been developed.
Unfori.mately, photodecomposition of these chelates has prevented laser
action from being achieved. It is expected, however, that this problem
can be overcame.

The work with europiuvm benzoyltrifluoroacetonate both before and
after the end of the present contract is described. To date, laser action
has been achieved in 10 salts of this compound in acetonitrile near room
temperature. Output beam divergence, spectral narrowing and thresholds

for laser action are discussed.
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1. Introduction

Since 1961 Westinghouse has been engaged in liquid laser research.
Government -sponsored work in this field did not, however, begin at
Westinghouse until the start of the present contract, i.e., July 1, 1964,

All of the work summarized in Section 2 was done before
July 1, 196k. Section 2 describes work done with rare earth chelates
dissolved in both organic solvents and in heavy water. Also included in
Section 2 i8 a description of some of the potential advantages of beavy
water over known organic solvents for use in liquid laser systems. Secticn
2 is intended as a general techﬁical backéround for the work done under
the present contract which is described almost entirely in Section 3.

Section 5 summarizes studies of ra.e earth chelates soluble in
heavy water.

Some of the work presented in Section 4 was completed before the
end of the present repurt period which was December 31, 1964. The re-
mainder of the work described in Section & was compieted after December 31.
Section 4 cescribes work done with a number of salts of europium btenzoyi-
trifluoroacetonate dissolved in acetonitr ile including successful laser
operation at and near room temperature. This work has been included in
this report because of its general implications concerning the feasibility

and potential edvantages to be gained with a heavy water laser system.



2. Technical Summery of Work Done at westinghouse Before the Start of
the Present Contract

2.1 Rare Earth Chelete Work in Organic Sclvents

(1)

The early work of Welissman with rare earth chclates in orgenic

Gl

golvents showing characteristic narrow-line fluorescence of rare earth

i

ions led 1o the consideration of rare earth chelates as potential laser
materials. In order to cbtain more information concerning the potential

value of chelates for laser applications europium trisdibenzoylmethide,

I

Eu(DBM)j, was synthesized and its absorption and fluorescent properties

HHEE

A
studied in ten different organic solvents.(2’ A considerable amount of

information cuacerning the spectroscopic properties of the chelate was

e e

obcained.

(1) (3) =

In agreement with the earlier work of Welsasman and C osby,

characteristic europium ion emission was observed when light was atsorbed

by the orgenic complex surrounding the europium ion. It was shown that

757 of the emitted quanta appeared in the transition from the >

ligand-field-split 7F2 states. 3Since the 7F2 states were high enough

Do to the

e e e

above the ground level (about 900 cm'l) to be essentially unpopulated even
at room temperature, the material was considered as a 4-level laser

(2)

.s8tem, The fluorescent guantum efficiency and the fluorescent decay
time of the principal emission line were measured es functions of temp-
erature and solveant. Decay times of the order of a few hundred microsecond

were observed. Qquantun efficiencies near one were observed at low

Wmewmmwmmmmmmmmmmmmmmmmm




temperatures, and it was also shown that the quantum efficiency was inde-
pendent of exciting wavelength within the absorption band. A consideration
of the important general problems of the very intense chelate absorption ‘and
and scattering due to index of refraction variations during flash excitation
was a.s0 given in calculating the expected laser threshold. These problems
wilil be discussed in the following sections. In fact much of the work
described in this report has been aimeu at solving these two problems.
Unfortunately, as will be discussed in Section L4, both of these priilems are
still unsoived, even in the liquids which L e at room tempers. :re.

Additional studies at the Westinghouse Research laboratories of
the properties of europium dibenzoylmethide and its conplexes with lLewis

(4-7) rare earth salicylaldehyde chelates(s) and europium thenoyltri-

(9)

bases,
fluoroacetonate have served %o add to the general knowledge of rare earth
chelate properties.
2.2 Time Dependent Scattering

The creation of refrastive index gradierts within a laser material
during the optical pumping process can be an important deleterious effect
on laser perfo.mance. When a laser material is optically pumped, its temp-
erature changes since part of the pump energy is dissipated in the material.
If this energy is dissipated nonuniformly within the material, which in
practice is always the case, thermal gradients will exist within the material.
Since almost all known materials have non-zero coefficients of refractive
index change with respect to tenperature (dn/dT), refractive index gradients

result. Kefractive index gradients will cause scatterirg losses within the

optical cavity. These losses will raise the threshold of the lecser. In




addition, it seems reasonable to expect that scattering within the laser
cavity will also tend to increase the output beam divergence a&hove the
diffraction limit.

The value of dn/dT in all organic solvents for which data are
available near room temperature is about-k x lO'h/OC. This is much larger
than typical values for crystals. For example, the value of dn/dT for
sapphire 1s 1.26 x 1072/°C at 7065 A. 0]

In order to ascertain the importance of the comparatively large
value of dn/dT of organic solvents for use in proposed low-viscosity liquid
laser systems near room temperature, a series of experiments were per-
formed at Westinghouse. These experiments(ll) reasured the time dependent
scattering of a collimated gas-laser beam of light (6328 A) while traversing
the laser material during flash excitation. The result obtained for a
5:1 etnanol-methanol mixture with & europium chelate in solution at room
temperature showed that the diffraction limited gas-laser beam divergence
angle of &bout 4 x 1o'h radians was broadened to greater than 10~ radians
in traversing 8 centimeters of the solution during the flash.(ll) It was
concluded therefore that the comparatively high scattering would raise the

threshold(ll) for laser action for liquid lasers using organic solvents
near room temperature. In addition, it seemed reasonable to expect that
the severe scattering would alsc tend to increase tbh~ output beam divergence
considerably above the diffraction limit.
2.5 Heavy Water as s Liquid laser Solvent
The severe light scattering observed in organic solvents during
optical pumping experiments(ll) has led to the consideration of heavy water

(10
as a preferred solvent for liquid laser work,(l‘)

Bl

T ‘.II,1,......,‘,....,q....|q1a||||‘|||u|||||g||||||||g|||:I|||||]I|||!I||||||||IIIIIIIW‘

e L] L ——

LG

L IR )



This is because the only pure solvents which arc known to hove
small values of dn/dT at temperatures where their viscosities are low are
water and heavy water. 1In fact, the refractive index versus lemperature
curves for water and heavy water display maxima (dn/aT = 0) at about -1.5
and +6°C, respectively.(lj) Some of the data on water and heavy water in
Ref. 15 are shown in Fig. 1. For purposes of comparison, data for methanol,
8 typical organic sclvent, and for sapphire are also shown in Fig. 1.

The data in Table III on p. 164 of Ref. 13 indicate that for a
mol fraction of D20 = 0.977, the index changes by 1 x lC)-5 between temp-
eratures 3.1 and 7.5°C at 6563 A. The value of dn/dT near room temperature
for sapphire is 1.26 x 10-5/°C at 7065 A. For a ‘emperature change of
%.4°C near room temperature for sapphire, the total change in index An
would be 4.4 (1,26 x 10_5) = 5.5 x 10'5, at A = 7065 A. Thus for a temp-
erature change of 4.4°¢ near SOC, the change in index is about 5 times
smaller for heavy water than for an equal temperature change near room

temperature for capphire. These results are combined with similar results

for methanol and summarized in Table I.

Table I

Total Index of Refraction Change for Heavy Water, Methancol, and Sapphire

Material Wavelength Temperature Temperature Index
(4) Range Change Change
D,0 656% 3.1 to 7.5% L.4% 1x 1077
Sapphire 7065 <0 to 2k.k% 4.4% 5.5 x 1077
Methanol 6563 20 to 24.4% 4.4 180 x 1077
= 5 -
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Scattering experiments at Westinghouse using europiwm chelates
in D0 at 5°C similar to those described in Section 2.2 show much less
scattering than in the 3:1 ethanol-methansl solution.

Calculations show that the temperature rise may be kept below
4°c ror D20 near SOC, even for high pulse power operation without circu-
lation, provided proper flavh radiation filtering techniques and an
active material with a reasonacly high fluorescent gquantum efficiency are
used. For high repetition rete pulsed power or high power c-w operation,
circulation of the D20 solution between stationary ends forming the
optical cavity and then cooling the solution in a different part of the
cycle would be a practical way of solving the temperature rise problem.

Heavy water (DEO) is to be greatly preierred over ordinary
water for three important reasons:

1. Vater must be supercooled to reach -l.Soc, whereas heavyr
water freezes below +6°C (at about +3.8°C).

2. The fluorescent quantum efficiency for some rare earth
compounds is higher in D,0 than in water(lh) (see also Section 3.1).

3. Tbe absorption at the laser wavelength (near 6120 A for
Eu+5) is lower in D20 than in water. T.e measured absorption coefficient(15}
for heavy water at 6120 A is 4.3 x lo'ucm-1'while that for H,0 is
29.6 x lo-hcm'l. The eventual utilization of long lengths of D,0 liquid
laser solutions is made possible by the extremely small value of the
absorption coefficient.

2.4 Early Wcvk with Rare Earth Chelates Soluble in Heavy Water
Since the studles just described predicted that heavy water should

have significant advantages as a liquid laser host, the liquid laser work

|




at the Westinghouse Research laboratories has consegquently emphasized
research on systems which will be capable of laser oscillations in heavv
water solution.

The best known class of rare earth chelates which has both
adequate water solubility and high stebility tcward dissociation in
solution consists of chelates derived from aminopolycarboxylic acids.
Examples of such chelates which were studied at Westinghouse before the
start of the present contract are europium and terbium ethylenediamine-
tetraacetate (EuEDTA and TbEDTA) and europium and terbium diethylene
triamine pentaacetate (ZuDETA and TbDETA). Representative diagrams of
these compounds are shown in Figs. 2 and 3.

The absorption, emission spectra, and decay times of EuDETA and
TbDETA are shcwn in Figs. 4 thurough 9. All of the materials show bright
line fluorescence characteristic of the trivalent rare earth ion. The
absorption spectra of these chelates all show bands in the ultraviolet
with wings extending toward the blue to 3500 A in some cases. These bands
are due to the organic part of the chelate. At high concentration, ab-
sorption spectra characteristic of the rare earth ions themselves have
been observed. For example, the absorption near 4000 A in Fig. & and
3500 A in Pig. 7 is due to transitions from the -round level to excited

3

+
states of Eu* and To 3, respectively. The molar absorption coefficient, g,

il

TN

for pink ruby is about 40 near the peak of the absorpiion band in the green.(lb) %

This is a desirable value of € for many practical optical pumping conditions.

5 and Tb+5

We see, therefore, that the absorption transitions due to B’
are not very satisfactory for purposes of laser pumping since they are too

weak and also quite narrow. Excitation of these chelates in the organic

T
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part of the absorption band at 2537 A is, however, not effective in exciting
rare earth ion fluorescence indicating that transfer of energy from the
ligands does not take place to the rare earth ion. Therefore, for these
chelates the observed fluorescence is due to direct excitation of the rare
earth ion.

The poor overall absorption characteristics of these campounds

therefore make them unattractive from the standpoint of laser materials.

-y




3. Chelates Soluble in Heavy Water

In order to develop chelates with more suitablie absorption
properties for optical pumping purposes than those described in
Section 2, the work discussed in Section 3 was performed. The studies
described in Sections 3.1 and 5.3 were begun with Westingnouse funds.
This work was finished under the present contract. The studies
sunmarized "1 3.2 were performed under the present contract.

3.1 Mixed Ligand Complex Formation Between Europium Ethylene-
diaminetetraacetate and p-benzoylbenzoate

The system described in this section does not lase because

of photodeccmposition of the chelate. However, the system is important

in that it represents t.ae first successfui incorporation of & compara-
tively broad absorption band of modermte intensity in & rare earth
system which fluoresces with high quantum efficiency in DEO at room
temperature. In addition, it is reasonable to expect that photo-
decomposition in related systems can be avcided. Fundamental work in
the general aree of photodecomposition of chelates is, however, badly
needed.

The best known class of rare earth cnelates which has both
adequate water solubility and high stability toward dissociation in
solution consists of chelates derived from aminopolycarboxylic acids

such as EuEDTA and FuDETA (see Figs. 2 snd 3). As indicated in

Section 2.4 however, such chelates do not, in general, have suff ‘ient

-18-
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optical absorptiorn in the near ultraviclet for etfficient utilization of
rump light. For tnis reason we hLave investigated the properties of
mixed ligand rare earth complexes derived from aminopolycarboxylute
ions and a second complexing agent which absorbs in the near ultra-
violet. We describc .iere u study of mixed ligand complex formation

}

z ) X ) i -
), the ethylenediaminetetrascetate anion (EDTA ) aad the

between ku
p-benzoylbenzoate anion (BB) in H,0 and D,0. The anjon E EDTA 1is
shown at the bottom of Fig. 2. If the COOH group is attached to the
p position in the diagram at the top left of Fig. 2 and the hydrogen
ion removed, the anion remaining is (BB ).

The p-benzoylbenzoate anion was chosen because of its
favorable absorption band (as discussed below)! in the near ultra-

violet.

Nature of Species Formed

When heavy water solutions containirg EUEDTA  and BB are
illuminated with ultraviolet light, much brighter orange-red fluores-
ceice is observed than for an equally concentrated solution of EuEDTA™
alone. This section outlines evidence for mixed ligand complex
formation involving both anions.

When EUEDTA and BB are combined in water solution at low
values of the ratio .f concentrations BB;otal/EuEDTA;otal a portion
of the europium is precipitated (Curve A, Fig. 10). As the relative
amount of BB {is increased, the precipitate redissolves; and above a

ratio of about © a clear solution i:s obtained. Elemental analysis of

the precipitate obtained at low values of BB

cotal! EuED-’E‘A;O shows

tal

-19-
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the precipitate to be nitrogen-free and the composition corresponds
to that of hydrated EuBBS.
Curve A of Fig. 10 is explainable .n terms of the competing

equilibria 1 and 2.

Iy

EWEDTA + 3BB = EuBBi(s) + EDT (1)

EuEDTA™ + 4DB — Eu(EDTA) (BBL\)S- (2)

Displacement of EpTA” from the very stable complex EuEDTA™ by BB
(Eq. 1) is rather surprising but is evidently associated with the low

solubility of EuBBj in water.

That mixed ligand complex formation involving EDTAh' accurs at

A £ - = TH-wzar
the higher values of BBtotal/EuEDTAtotal is shown by ¢ :ve B, Fig 10.

= 4~
Addition of BB to Eu5+, in the absence of EDTA , results in nearly

f - = .
quantitative precipitation of the europium at BBtotal/Eutotal 3

There is no evidence for redissolution of the EuBB3 at higher values

of this ratio due to the formation of such species as EuBBh'. The

precipitation of the europium as hydrated EuBB, in Curve A (Fig. 10) is

3
further substantiated Uy the independent preparation ard characterization

of the salt EuBB5 230. (See Experimental Section.)

Flucrescence and Light Absorption Properties

Fig. 11 gives the fluorescence spectrum of a D20 solution

containing excess BB~ {to suppress precipitation of EuBB The

5
fluorescence is found to be due entirely to transitions within the

L f shell of the bonded Eu’' ion and the spectrum is similar to that

. 1
cbtained with other Eu(III) chelates (dissolved in organic solvents).(2’ 7)

21~
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Transitions probably responsible for the observed groups of emission
lines are indicated in Fig. 11. The fluorescerce spectrum of EuEDTA™
alone in DEO was also obtained. Except for greatly decreased overall
fluorescent intensi.y (due at least in mart to lower absorption of
ultraviclet raciation) the spectrum was essentially identical to Fig. 11.
The fluorescence spectrum of Eui* in chelates is known to be affected
measurably by the formation of mixed ligand complexes.(s’é) In the
present instance it appears that there must be Jittle change in the

local environment of the Eu utom in Eu(EDTA)(BB)E' as compared with

that in EuEDTA itself in solution.

While the structure of the FuEDTA ion in soclution is not

(18)

known, recently reporied x-ray structural results for the crystalline
chelates HIaEDTA-"{HEO and KI&EDTA-SHEO are pertinent to the present
discussion. Hoard and co-workers(la) were able to show that the four
oxygens and two nitrogens of EDTA were bonded to Ia in both compounc ..
In addition, four water molecules were bonded directly to Ia in
HLaEDTAf7H20 and three in KIaEDTA-SHEO to give, respectively, coordina-
tion numbers of 10 and 9 for the lanthanun in the two compounds. Less
complete x-ray data by the same authors indiecite the EDTA complexes

of other rare earths have similar structures. It seems probable,
therefore, that the FuEDTA ™ ion ir solutiou has at least three water
molecules bonded directly to the europium atom. Reaction with BB

mwost probably involves displacement of these water molecules (and

possisly also one of the EDTA carboxylate groups). Such displacement

does not drastically change the nature of the atcms directly bonded to




the eurcopium, and also need not change the local symmetry about the

europium atom.

The relative fluorescence was measured of a series of
solutions prepared from a constant amount of BB and varying smounts
of EuEDTA . The results are shown in Fig. 12. The data can be

represented by tro straight lines. The rather ill-defined inter-

gectirg at [EuEDTAt 0.25 is consistent with the

ota1l/ BBeota1] *
formation of Eu(EDTA)(BB)z' as the principal fluorescent species.

The quantum efficiency was measured of a DEO solution C.2M

in BE and 0.01M in EuEDTA . The value obtained of 15% is similar to
those reported for certain of the europium B-dik=tone chelates in

(2 .'17 :19 )

organic solvents at room temperature. The fluorescence was

found tc decay exponentially with a decay time of 2.0 msec. When

HSO was substituted for DQO the fluorescence efficiency dropped to

2%. Kropp and Windsor(lh) have noted a similar enhancement of fluores-

cence for simple raie earth salts in DQO as compared to H?O- For both

iy
independent of tempersture in the range 5° to 2600.

The observed guantum effic.ency was found to be measurably
sensitive to the presence of dissolved 02. nen the above air-
equilibrated solution in D20 was flushed with argon for 1/2 hr the
quantum efriciency increased to 21%. When flushed with pure oxygen
the efficiency decreased to 5%.

Absorption spec*ra are given in Fig. 13 for EuEDTA and for

BB . It is apparent tnat for solutions containing both ions, in

-2l

O and DEO the guantum efficiency of the present system was practically
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comparable molar gquantities, absorption is aimost entirely cue to the
BB ions at all wavelensths. At the longer wavelengths, absorption
involves ihe n-g* {ransition associated with the keto carbonyl group
of the BE . The absorption band due to this transition appears as a
shoulder on the long wavelength side of the more intense n-p¥* band
which peaks at 2635 mu.

El-Sayed and Bhaumik(y ) have recently repcrted :ran fer of
energy absorbed througn the n-g* transition oi benzoprenone to the
chelate europium hexafluoroacetylacetonate in an ether-pentane-ethanol
mixture. Tt Is not clear whether mixed ligand complex formation or
intermolecular energy transfer is involved in this system. Direct
bonding of benzophenone to europium would, of necessity, be through

the lone pair electrons of the ~eto carbonyl group. In contrast to
this, attechment of the BB ion studied here is aimost certainly .brough
the carboxylate group. (Complexes between carboxylate anions and the

rare earths in agueous solution are well known.)

Solut ns Conteining o- or m-benzoylbenzoate

It was of interest to study the fluorescence properties o°
analogous systems containing FuEDTA and the o-benzoylbenroate (0-BB’)
or m-venzoylbenzoate {m-BB ) ions where the COO group is attached tc
the ¢ and m positions respectively in the top left hard drawing in
Fig. 2. Solutions in HéO which were 0.0l in EuEDTA and C.2M in
0-BL or m-BB nad rluorescence eificiencies lower by a factor of at
least 50 compared to the same systeam cont~.:ing the p-benroylbenzoate

anion. These low efficiencies could be due either tc a lower tendency

-27-




for o-BB or m-RB  t0 form mixed liga d complexes with FuEDTA or to
low intramolecular transfer efficiency of energy within the mixed
complexes. The ten .ncy to form mixed complexes with o-BR or -B3~
was not further investirated. Simple salt formation readily takes
place, however, between Fu” and 0-Bi or m-BB as shown by the
isolatior of the hydrated compounds Eu(o-BB)j 5

of these =0lid compounds show sigrificant fluorescence characteristic

3+
of Euj , with however, lower fluorescence than the solid sait derived

and Eu(m-BB) Both

from the para isomer.

3.2 Europium Fluorenone Carboxylate Complexes

Resﬁlts obtained with the benzoylbenzoates {Section 35.1)

suggested that europium salts or complexes derived from the four
possible fluorenone monocarboxylic acids {top right hand drawing in
Fig. 2) might also nave suitable optical absorption properties fo-
efficient utilization of pump light. The results of studies cutlined
below however indicate that intremolecular energy transfer does not

3

+
occur in these compounds to Eu

5.

or Tb+5 although transfer does take
place to na' Figures 1k, 15 and 16 show that the fluorenone i-,

2-, and L-cerboxylatc anions  ~rived from the acids of Fig. 2 through
the loss of the carboxyli~ nydrogen) do indeed have broad n-n* absorp-
tion bands in the region 35:-45C m:., of the proper intensity for
efficient use of pump light. (The corresponding 3-isomer was nct
studied since, in our hands, publishbed preparative procedures did

ive significant yields of product.)

Solutions prepared in water or heavy water containing

europium ¢ . -lenediaminetetraacetate and tue fluorenone 1-, 2-, or

e o
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4-carboxylate anion did not give visible fluorescence when irradiated
with ultraviolet light. These negative results could be due to lack
of complex formation between the flucorenone carboxylate anion and
EuEDTA™ or to inefficient energy transfer between bonded fluorenone-
carboxylate and europium. To obtain further information on this
point we have isolated so0lid (hydrated) salts of the composition
(Cth§o3)3 Ln, where In is Eu, Tb or Nd. None of the Fu and Tb
salts show visible flvorescence at room temperature, apparently due
to poor intramolecular energy transfer of absorbed energy.

The Nd salt derived from fluorenone Z2-carboxylic acid,
however, shows with ultraviolet e2xcitation between 3300 A and L300 A

3+

the charscteristic emigsion spectrum of Nd The atsence of Nd+3

(21)

absorption'>>’/ in the range 3800 to 4300 A &nd the observed Kd 2

fluorescence indicate that intramolecular energy transfer does take
+
place to the metastable hF3/2 level of Nd 3. Evidently the metastable

level of Nd+3 is low enough for transfer to take place while the

+
520 levels of Tb 3 and Eu+3, respectively lie too

high for effective transfer to take place in this compound.

metastable 5Dh and

3.3 Mixed igand Complex Formation Between Terbium Ethylene-
diaminetetraacetate and the 5-sulfosalicylate Ion

In addition to the work described above for europium we
have also considered the use of trivalent terbium in mixed ligand
complex systems in aqueous solution. This work was carried out in
an effort to obtain a Tb+3 chelate system soluble in heavy water

with an improved absorption band over those systems discussed in




Section 2.4. This effort was successful and a system having a very high
quantum efficiency in 396 at room temperature was ottained.
o
We have found that bright green fliuocrescence, characteristic

+3 SN .
of the Tb 3 ion, is obtained from HEG and D.C solutions containing
&

U

+ o -3
mixtures of ™ ﬁ, the trivalent anion of 5-siifosaliicyiic acid, {SSA ’)
and the e¢fiylenediaminetetraacetate ion {EDTA-u‘, The structural formula

of S-sulfosalicylic acid is shown below.
C,5 COCH
H 53 ~ l CCH
. OH

Maximum fluorescence intensity requires the presence of both SS-A-5 and
q p

EDTA . Measurements of fluorescence and optical absorption as the
relative quantities of the reactants Ib+5, SSA-E, end EDTA™ are varied
indicating that definite mixed ligand con:lecxes exist in solution. For
a solution prepared from equal molar quantities of ths :aree reactants
the principal fluorescent species appears to be the icn [T 53’EDTA)}~h.
Figure 17 gives the room temperature fluorescence spectrum of
a D20 solution 0.02M in each of three reactants. The spectirum arises
from transitions within the & f(gg) sheil of Tb+§. Comparison of

o~
|

Fig. 17 with the spectrum of Tb+3 in IaC‘B‘J ) indicates that the four

emission groups in Fig. 17 represent transitions from the SDh level to

the 7, TF "r,, and 7F3 levels at 480-510, 530-565, 575-605, and

6) 5) .
610-640 mu, respectively.
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The decay of the Tb+j rluorescence in this solution, at bhotn
room temperature and 5OC, is exponertial with a decay time of 2.4 milli-
seconds. The absolute quantum efficlency of the sclution {excited
with 2537 A radiation) is 0.9 + 0.1, and this value is insensitive to
temperature over the range 5 to 2500.

Absorption of ultraviolet radiatior. by the so:utions is
primarily through the SSA-5 ions. Figure 18 shows the absorption spectra
cf SSA-3 (in 0.1M NaOH to suppress nydrolysis) and of NaTbEDTA in water.
The ab~orption by SSA-B is much = .i . at all wevelengths. Absorption

spectre. of Na_SG5A-NaTbEDTA mixtures are similar to the spectrinm of

-3

3

SSA “ alone, with some changes in position and intensity of absorption
maxima due to complex formation and to hydrolysis.

The discrete line emission, the high quantum efficiency and
fav_orable decay time all suggest the present system as a likely candidate
to display laser action. In tests to date, however, no evidence for
stimulated emission has been obtained. Possibly, this may be associated
with the choice of rare earth ion since laser action has not yet been
demonstrated in other systems containing terbium. It was also observed
that some photodecomposition occurs in the present system under intense
ultraviolet illumination.

In summarizing the work in Section 3 on chelate systems in
heavy water, it is apparent that photodecomposition of the chelates
emerges as a major problem. There is no reason to believe however

that this problem cannot te overcome when more fundamental information

is obtained on rare earth water soluble systems in general and the

i
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photodecomposition mechanisms of such systems in particuler. The

importance of this work is clewrly apparent since the feasibility of
*3

L

. +
obtelning both Tb ~ and Eu © chelate systems with high quantum
efficiency and comparatively favorable absorption bands in heavy

water solutions at room temperature nas been demonstrated.




L. Chelates Soluble in Organic Solvents

Recently, room temperature operation of a liquid laser was 12-
ported »y Samelson, lempicki, Brecher and Brophy.(;39 The material whica
they used was a solution in acetonitriie of the piperidinium salt of the
tetrakis form of europium benzoyltrifluoroacetonate,

This salt is the tetraiXis P-diketone chelate I shown in

Fig. 19 where R, = CF3, R2 = phenyl and B = piperidinium. Although the

1
chelates I and II in Fig. 19 are usually soluble only in organic Solvents,
the work wita these materials was undertaken ia the hope of obtaining
infcrmation which would aid in designing chelates for use in heavy water
solutions.
4.1 Salts Derived from Europium Benzoyltrifluorcacetonate

In order to stuly the effect on laser performance of varying
B in I snown in Table II, we have prepared and studied & number of such
sal*s of europium venzoyltrifluaoacetonate (EuBTA). We have found that
Jaser performance is not independent or B.

Subsequent to the success Jf Samelson, et _a._]_.e3 j but prior to
December 31, 1964, we also succeeded in obtaining laser action in the
piperidinium salt in acetoritrile. In additioc ., we succe=ded in «.taining
laser action in the dievhylamino salt in ace crnitrile. Tbk: latter material

is a nevw one aot previously reported “o give .aser oscillations. Subsequent

to December 31, las=r action .xas been successfilly achieved for the first
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Fig. 19. Europium chelates derived from B-diketones.




time in eight more of the salts in acetonitrile. We have not, however, been
able to achieve laser action in all of the salts tested indicating that the
cation dovs have an effect or laser thresholé¢. The mechanism of this effect
is not yet understood. A detailed spectrosropic investigation is in progress.
The laser threshold results at room temperature, OOC and -30°C are shown in
Table II. The laser cell and other apparatusused in measuring these thresholds
are described in Section 4.2.

The europium chelates I are obtained, in general, by the reaction of
EuCl3 of Eu(m3)3,

organic base both present in excess. The tetrakis chelate was not obtained,

in & water-ethanol solution, with the pB-diketone and the

however, by the reaction of EuClq with benzoyltrifluoroacetone and triethanol-
aminre. Instead, the hydrated tris chelate II, shown in Fig. 19 where Rl = CF3,
Re = phenyl resulted. The ffis chelate has been included, for ~omparison, in
the studies described below.

So far, larer action near room temperature has been obtained only with
some of the tetrakis forms (I in Teble II) of EuBTA but rot with the tris fomrm
(IT in Teble II). The reascn for this is clear since the relative fluorescent

5

7
intensity of the Do—-—ib'F‘ transition of the tris form is about a factor »f ten

2

lower t..a that of the tetrakis form as shown in Figs. 20 and 21. The reason for
the higher quantum efficiency of the tetrakis form over the tris form is not yet
completely ~lear. It seems reasonable to expect, however, that the extra ligand
around the europium ion in the tetrakis form aids in protecting the europium ion
irom the solvent to the extent that less energy is dissipated non-radiatively to
the solvent molecules. The absorption spectra of these materials are shown in
Figs. 22 and 23. If the molar absorption coefficient € is 5 x 10“ anrd the con-
centration is 1072 M, the penetration depth for light is about 1072 mm. There-
fore, effective pumping to depths of 0.5 mm or more must occur ia a comparatively

rarrow wavelength range on the long wavelength wing of the absorption band.

This raises the threshoid.
-Lo-
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Table II*

Measured Threshold Energy for Various £-diketone
Chelates of Structure:

CF - CcF
L 3
é — Q A, ‘-‘C
4 l 5 *ll \\";
o nf{ />:=. 1Y /;u
c=0" ‘=0
1
J
L. . L = e d 3
I 11
Tetrakis Tris
Threshold Energy in Joules
(Concentration: 5 x 102 # in acetonitrile)
B Formula 24°¢ 0% -30%
piperidinium I 660 No Test
tetrabutyl ammonium I >1800 >1800 >1800
diethylamino I s Test 800 No Test
triethylamino I No Test 1100 No Test
n-butylamino I >1500 800 No Test
pyridinium I No Test 8oc Mo Test
Z-oquinoliniuvm I >1200 1400 No Test
ethanolamino I >1200 1300 No Test
tetramethyl guanidinium I >1200 800 No Test
tetramethylammonium I >1200 T00 No Test
--- II >1800 >1800 >1800
tenzylamino I >1200 Q00 No Test

*The symbol>signifies that laser action was not observed up to the indicated

energy and that tests at higher energies at that temperature were not
conducted.
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Fig. 22. Ultraviolet absorption spectrum of piperidinium europium
tetrakis benzoyltrifluoroacetonate
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4.2 Ilaser Experiments Near Roam Temperature

L.2.1 Apparatus

The laser cell used in all experiments unless otherwise noted
was & 1 mn inside diameter quartz capillary tube with an active pump
length of 6.7 centimeters and a mirror spacing of 9.3 centimeters. The
ends of the tube were first polished flat to 1/10A and parallel to about
ten seconds of arc. Quartz disks flat to 1/10A and parallel to about two
seconds of arc were wrung on to the ends of the tube. Hach disk was then
epoxied to the tube. Multilayer films having better than 99 percent
reflectivity at 6120 A were deposited on the outside surface of each disk
and are, therefore, not in contact with the liquid material within the
capillary. Three EG and G flash lamps (FX-42) are placed at 120° intervals
around the cell with Corning CS-7-59 filters inserted between the lamps
and the cell. A heavy aluminum foil is then wrapped around the outside of
the three lamps. The cell assembly is held iz an insulated chamber so that
the temperature may be both changed and stabilized.

The output from one end o the cell is allowed to fall on the
entrance slit of a 1/2 meter Jarrell Ash monochromator. A partially trans-
perent mirrér placeé ‘.o inches beyond the exit slit splits the
output beam—one part going to a photomultiplier sind the remainder to a
lens. The lens magnifies the spectrum at the exit plane ten times. The
magnified image is recorded on film. In this way, a photomultiplier re-
cording can be obtained ¢f the laser output pulse and at the same time
spectral narrowing demonstrated by the width of the image formed by the

lens on the film. For example, if the entrance slit of the monochrcmator

k6.
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is 8 100 microns and monochrometic radiation falls on the entrance slit,
the image formed on the film will be about one millimeter wide. If, on the
other hand, a band thirty-t.o Angstroms wide falls on the entrance slit
opened to 100 microns, the image on the film will be about one centimeter
wide since the dispersion at the exit slit plane is 32 A per millimeter.
Therefore, spectral narrowing is easy to demonstrate by this technique down
to about 1/2 A which is the resolution limit of the monochromator.
L.2.2 laser Characteristics of the Piperidinium Salt of Europium
Benzoyltrifluoroacetonate
Figure 2k is & typical photomultiplier recording showing both
the flash lamp trace and the output laser spikes. Figure 25 is a one-to-
one reproduction of the film image taken at the same time Fig. 24 was
recorded. Since the line is about one millimeter wide, the spectral width
of the output beam is 3 A or less. Since the width of the spontaneously
emitted line (Fig. 20) is about 33 A, spectral nsrrowing is clearly evident.
The output beam divergence has been measured. Figure 26 shows & photo-
graph of the beam ocutput at a distance of 77 inches from one end of the cell.
(The structure, presumably due to the optical inhomogeneity of the liquid, is
clearly evident). This beam divergence is near the aperture 1imit of the 9.3
centimeter cell. In order to obtain a true value for the beam divergence, &
cell with a mirror separation of 5.0 centimeters and with an effective pump
length of 3.6 centimeters was constructed. The threshold for laser action at
0%C with this cell is 1830 Joules. The beam divergence measured with this
cell near tnreshold wes about 1.2 x 10.2 rudians but was not aperture limited.
Since the diffraction limited beem zngle for this cell is about

1.5 x 2 radians, the measured outrut beam divergence angle is learger by

-L7-
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Fig. 2k. Top: Photomultiplier

recording of light output from

5 x 102M solution of the

pigeridiniur salt of EuBTA in
acetonitrile. Tenperature:

0°C. Scale: 200 usec./cm from left

to right. : Y
Bottom: Recording of flash lamp i
light. 1350 J input (2.25 times

threshold) . =

Fig. 25. Taken at same time es :
Fig. 24. One to one reproduction

of film image (see text) showing
spectral width of spikes in

Fig. 24 to be 3A or less.

Fig. 26. Photograph of output
heam at 77 inches from other
end of cell. (Taken at same
time as Fig. 24).
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about a factor of £ The laser output radiance is inversely proportional
to the square of the beam divergence angle. Therefore, for systems re-
quiring high radiance, the comparatively large beam divergence represents
an important problemn.

The exact dependence of beam divergence angle on optical hcmo-
geneity of the laser material during laser action is not yet understood
in detail. One would expect, however, that the refractive index gradients
created in the material during the pumping process {see Sections 2.2 and
2.3) are important in causing the beam angle to be larger than the
diffraction limit.

k.2.3 iaser Action in the Benzylamino Salt of Europium
Benzoyltrifluoroacetonate

The output spiki o observed for the piperidinium salt is typical
of that observed for the other salts which lase near room temperature.
For example, Fig. 27 is a photomultiplier recording showing the output
spiking in the benzylamine salt of EuBTA at a flash lamp energy about
1.04 times threshold. When the flash lamp energy is increased to about 1.2
times that necessary for threshold, the laser spikes become more pronounced
compared to the signal due to spontaneous emission as shown in Fig. 28.
The spectral width of the outﬁut spikes shown in Fig. 28 are 3 A or less

as shown in Fig. 29,
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Fig. 27. Top: Photomultiplier [
recording of light output from B
5 x 10=2 M solution of benzyl= L
amino salt of EuBTA in acetoni=- -
trile. Scale: 200 usec. from left
to right. Temperature: 0%. =
Bottom: Flash lamp light record- [z
ing for G35 J input.

=
F_x
=
-
Fig. 28. Seme as Fig. 27 E
except for 1100 J input to H

flash lamps.

i

Fig. 29. One to one repro-
duction of film image (see text)
showing spectral width of spikes
in Pig. 28 to be 3A or 1less.
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Experimental Procedures
5:1 Matlerisals

Ethylercdiaminetetraacetate chelates

The salts NaFuEDTA "8H,0 and NaTbEDTA '6H20 were prepared by
reacting Eu203 or Tb(OH)3 with ethylenediaminetetraacetic acid and
NaOH in water solution. [he products were purified by dissolving

in water and reprecipitating with acetone. The purified salts were
air-dried at room temperature.

Benzoylbenzoic acids

P-benzoylbenzoic acid was obtained from K and X Iaboratories,
Pleinview, N. Y. The compound was recrystallized from ethanol. K
and K Iaboratories o-benzoylbenzoic acid was dissolved in dilute
aqueous KOH and reprecipitated with HCl. The precipitated material
was recrystallized from ethanol-water. m-lenzoylbenzoic acid was
synthesized by the method of White et al2DThe product vas purified by
dissolving in toluene and precipitating with petroleum ether.

Solid Europium Benzoylbenzoates

The o-, m~, or p-ienzoylbenzoic acid (0.0l mole) was
stirred in a flask with a mixture of 100 ml water and 10 ml 1M NaOH
until dissolved. An aqueous solution of Lindsay 99.9 percent EuCl3
(7.43 ml of 0.44hM) was added dropwise to the stirred solution over a
period of 5 minutes. A white precipitate formed throughout the addi-
tion. After stirri g for an additional 1/2 hour the solid was filtered

off, washed with water and dried in vacuo at room temperature. The .

products from the m- and p-benzoic acids were recrystallized by

i




dissolving in warm methyl ethyl ketone. The sclution was filtered
warm through a glass pressure filter and 3 volumes of water were
added to the cooled solution. The mixture was allowed to stand over-
night in the refrigerator. The solid was filtered off and dried

in vacuo at room temperature. Compositions of the products are

given in TableIIT The analytical figures for the o-compound indicate
that some hydrolysis has occurred. Analyses were not improved by

recrystallizing this compound.

Table IIIX
Composition of Solid Europium Benzoylbenzoates

Yield dr 0°
Compound % %C 5 HBa -

(o-Cth903)Eu°hﬁ;5 89°  calcd. 56.1 3.96 17.8 8.0

found 54.8 3.96 7.8 8.5

(m-clhn903}Euo2ﬂéo 85 calcd. 58.4 3.63 17.6 h.e\

found 58.1° 3.72 18.0 L.o
(p-cluﬂéo3)Eu'zﬁgo 95 caled. 58.4 3.63 17.6 4.2
found 58.4 3.7k 17.4k 4.0

®Not recrystallized.
b

Recrystallized.

c

Weight loss on thermobalance to 150°C
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Fluorenone carbexylic acids

Fluorenone l-carboxylic acid was prepared by oxidizing
fluoranthene according to the method of Fieser and Seligmanf26}
Fluorenone 2-carboxylic acid and fluorenone b-carboxylic acid were
obtained from the Aldrich Chemical Co., Milwaukee, Wisconsin. All
three acids were recrystallized from glacial acetic acid. Attempts
to prepare fluorenone 3-carboxylic acid by published methods were

unsuccessful ..

Solid rare earth fluorenone carboxylates

One hundred ml water containing 10 ml of 1M standard agueous
NaOH was stirred with an excess of the flucrenone carboxylic acid
until no more wculd dissolve. The excess solid was removed by fil-
tration. To the filtrate was added dropwise from a burette the
calcuiated volume of standardized 0.5 M agueous rare earth chloride.
The reaction mixture was allowed to stand several hours at room
temperature. The solid (frequently gelatinous) was then filtered
off, washed with water, and dried in vacuo at room temperature.

Compositions of products are given in Table IV.

_53..




Table IV
Composition of Solid Rare Earth Salts of

Fluorenone Carvoxylic Acids

Yield

Compound -4 4C %H IMeial
(2-Cth7O3)3Nd'3H20 96 caled. 58.1 3.1k 16.6
found 57.8 2.70 16.4

(l-Cth7O:)3Eu'2H20 G3 caled. 58.8 2.04 17.7
found 58.0 2.97 18.0

(2-clhn703)Eu-hneo 92 caled. 56.5 3.27 17.0
found 56.7 2.99 17.8

(hcth7O3)Eu‘2H20 92 caled. 58.8 2.9k 17.7
found 59.0 2.76 18.6

(E-Clhﬂ703)Tb'3H20 96 caled. 57.2 3.08 18.0
found 56.3 2.62 18.3

B-~Diketone chelates

Tetrakis chelates of the [Type T were prepared in & manner similar

(27
to that described by Melby et al. Compositions are given in Table V.

3 B *

pnenyl) was prepared in the following manner: Benzoyltrifluorsacetone

Europium tris benzcyltrifluoraacetonate dihydrate (II, R, = CF

(3.8 g., 0.018 moles) and triethanolamine {2.68 g., 0.018 moles) were
dissolved together in 60 ml warm 95 percent ethanol. EuCl3 (o .00k
moles as the calculated volume of a standardized 0.5 M solution) was

dissolved in 20 ml wacver and added to the mixture. The combined mixture
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vas filtered and 80 ml water was added. After sianding several
days, the initially formed oil solidified. The solid was filtered
off and air-dried at room tempersture. Calcd. tfor (ClOH602F3)3Eu *2H,0:

C, 43.2; 4,2 .56; N, 0% . Found: C, 43.3; H, 2.7h; N, 0.02% .

Table V

Analysis of B-Diketone Chelates of Structure

CF5
-0
st e ]
P
=0
f%
L X b .
B pc - H % N _tF

piperidinium caled. 49.2 3.30 1.28 2.8

fov.l 49.4 3.33 1.3k 2.9
tetrabutyl caled. 53.6 4.8 1.20 18.2

amonium

focund 54.2 5.16 1.27 17.8
diethylamino caled. k8.6 3.34 1.29 21.0

found L9.0 3.54 1.4k 19.9
triethylamino caled. 49 .6 3.62 1.26

found U9.1 L .60 1.22
n-butylamino caled. 48.6 3.35 1.29

found 48.0 4.01 1.24
pyridinium calcd. 49.5 2.77

found k9.6 2.97
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Table V  (continued)

B _ %c % H % N $F_
isoquinolinium caici. 51.5 2.23
found 51.6 2.91
ethanolaminc caled. 46.9 3.01
found U46.5 3.14
quinolinium caled. 41.5 2.83 1.23
found 52.2 2.96 1.28
tetramethyl caled. 47.9 3.k0 3.2
guanidinium
found 48.0 3058 3.73

5.2 Speciroscopy

The fluosescence spectra were obtained with a 1 meter Jarrell
Ash spectrameter having u dispcrsion at the exit plane of 168 per
millimeter. An E.M.I. photamultiplier with an S-20 characteristic
response was used to detect the signal at the exit plane. Except
for Figs.5,8 and 11 » O correction was made for sensitivity change
with recorded wavelength. The sensitivity at 7000?. is less than
that at 60003 by a factor of 2.1.

Absorption spectra were measured on a Carv specirophotcmeter.
Matched quartz sample cells were used naving effective path lengths
ranging from a few millimeters o 0.05 millimeters depording on the

absorption coefficient of the material being umeasured.
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6. Summary

Heavy water is a very attractive liquid laser solvent from the
standpoint of high-radiance liquid laser development. This is because
the small change in refractive index with respect to temperature near
6OC makes possible operation near the diffraction limit even under
conditions of nonuniform heating occurring during pumping. In addition,
heavy water is one of the most transparent condensed materials known
near the expected output wavelength of 6120 A. This fact, coupled with
its good optical homogeneity, meanz that the loss per unit length near
the output frequency will be small. This makes long lengths of active
materials practicable. Finally, the low viscosity of heavy water at the
proposed cperaling temperature (near 6°C), makes circulation of active
material possible. A more detalled discussion of these points may ve
found in Section 2.

Because heavy water i1s the only solvent known at the present
time which combines all of the featurcs mentioned above, liquid laser
research at the Westinghouse Research laboratories has been and is aimed
at developing heavy water soluble rare eartn chel’ates. 50 Iu., both
terbium and europium cnelates have been synthesized which show typical
rare earth ion fluorescence with high quantum efficlency in heavy water
at roon temperature. Part of this work which is described in Section 3

was done under ‘.ue present contract. In addition, progress has been
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made toward solving the general chelate absorption band problem by
incorporating n-x* transitions which have characteristically lower in-
tensity than the usual g-x* chelate absorption transitioas. Part of
this work was &lso done on the present contract and is included ia
Section 3. Unfortunately, the chelates studied to date which have high
quantum efficiency in heavy water do not lsse primarily because of
photodecomposition during the pump process. There is no reason to
believe, however, that this problem cannot be overcome although more
work of a fundamental nature is needed ir oxrder to determine the
structural chelate parsmeters important for good resistance to photod?-

composition.

Iaser action has been observed in 10 different salts of europium
benzoyltrifluoracetonate (EuBTA) rear room temperature in z:ciionitrile.
As roted in Section 4, part of this work was also performed under the
present contract. Other salts of EuBTA, however, do not lase, indicating

Latio
that the wnica is important in determining the laser capabilities of
these materials. The beam divergence has been measured near threshold
and found to be more than a factor of seven larger than the diftfraction
iimit. This departure from the diffraction limit is evidently due pri-
waiily to refractive index gradients arising from thermal gradients set
up in the material during flash excitation. Since the radiance is
inversely propurtional to the squar~ of the beam divergence angle, a
factor of seven departure from the diffraction limit representrs an im-

portant effect. The potential increase in radiance gained by using heavy

water as a solvent is therefore large.
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It may be possible to modify the benzoyltrifluoracetonate chelate
in such a way as to obtain water solubility. Studies along these lines as

well as Other water soluble chelate work is in progress.
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T. Major Conclusions and Suggestions for Future Work

At the present stage ot liquid laser research, the most important
conclusions seem to be the following:

1. Heavy water should be & superior liquid laser solvent from the
standpoint of its excellent optical homogeneity during optical pumping.

Good optical homogeneity is required if the radiance of the laser 1is
to be as large as possible.

2. Heavy water is & feasible solvent for rare earth chelate
gystems. Such systems have been obtained which display suitable solubility
and characteristic rare earth fluorescence with high gquantum efficiency
in heavy water.

3. Tﬁe photodecomposition of chelates is a major problem but ob-
viously not one which is insoluble since europium benzoyltrifluoro-
acetonate lases. More fundamental work is needed so that more accurate
predictions can be made concerning the ability of a proposed chelate to resist
photodecomposition.

L, The absorption cross section near the broad pesk of the absorption
band of typical chelates is too large for efficient pumping of many proposed
iaser systems. Some progress has already veen made toward solving this
problem by modifying the structure of the chelate moiecule to incorporate

ligands with more favorable absorption characteristics. More fundamental

work in this aree is, however, required.
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